Abstract: New gelatin-based cryostructurates have been elaborated and tested as scaffolds for three-dimensional (3D) cell culturing. Scaffold preparation included dissolution of Type A gelatin in dimethylsulfoxide, freezing of such solution, cryoextraction of crystalline phase with cold ethanol, cross-linking of gelatin with carbodiimide in ethanol medium, treatment of the matrix with ethanolic solution of Tris and tanning of the matrix with formaldehyde dissolved in ethanol. The use of organic media during all the preparation stages ensured the sterility of the scaffolds. The matrices thus prepared were seeded with human adipose tissue multipotent mesenchymal stromal cells to confirm the biocompatibility of scaffolds and their possibility to provide necessary environment for the cell growth and differentiation. The cells attached onto the surface of the pore walls, proliferated and differentiated into osteogenic and adipogenic lineages. These results demonstrate that gelatin-based cryostructurates prepared in the sterility ensuring organic media can be used as scaffolds for tissue engineering purposes.
Introduction
Gelatin is well known to be a biopolymer derived from animal collagen which, in turn, is the most prevalent protein in the extracellular matrix (ECM) and is the dominant component in human soft and hard connective tissues (1) (2) (3) . The chemical composition of gelatin is close to collagen, but lacks the antigenicity and the immunogenicity (4, 5) . As a mimic component of ECM, gelatin provides an ideal environment for cell attachment and growth. This feature makes gelatin an attractive material for the development of scaffolds for tissue engineering (6) (7) (8) (9) (10) (11) , as well as for the expansion of mesenchymal stromal cells (MSCs) (12) . In the latter case, due to the capacity to multilineage differentiation, MSCs are widely used as a cellular component of the tissue-engineered constructs. Among the sources of the MSCs, human adipose tissue has the advantage of being a discard product, obtained mainly via low invasive liposuction. The MSCs derived from human adipose tissue have been successfully differentiated into bone, cartilage, fat (13, 14) and endothelial cells (15) .
Scaffolds for tissue engineering applications should provide the necessary environment for optimal growth and differentiation of cells, while being maximally biocompatible and safe. In this context, bacterial contamination of raw gelatin material represents a challenging problem for the application of gelatin-based matrices, as the contamination of a standard gelatin production process with a variety of Gram-positive and Gram-negative bacteria has been demonstrated (16) . Even though the extreme temperature and pH conditions were employed during gelatin manufacturing, thermotolerant aerobic endospore-forming bacteria, attributed to the genus Bacillus, could be identified in the semi-final product (17) . This necessitates the need for intensive sterilization of gelatin-based materials, prior to application. However, thermal or chemical sterilization techniques are not frequently applicable for the gelatin scaffolds, especially those that contain certain additional biologically active components. It was also shown that γ irradiation resulted in worsening the mechanical properties of gelatin films (18) . Moreover, when the γ sterilization was applied to gelatin-chitosan-tricalcium phosphate scaffolds, both a decrease in the pore sizes and an increase of the pore wall thickness of the three-dimensional (3D) structures have been observed (19) . Such changes in scaffold properties under the influence of sterilization can vary in regard to initial matrix characteristics, e.g. the gelatin concentration, the presence of additional components or the type of cross-linking procedure. Furthermore, sterilization by γ irradiation is a cost-and labor-intensive technique which additionally increases the cost of gelatin-based materials. Thus, the search for alternative, reproducible and costeffective methods for fabrication of sterile scaffolds would be advantageous for their wide application in tissue engineering and regenerative medicine.
A further principle requirement for such scaffolds is their macroporosity of an interconnected character in order to ensure the non-hindered cells penetration in the matrix bulk and their adhesion to the inner surfaces of pore walls (20) (21) (22) (23) (24) . In this context, several approaches have been developed for the preparation of macroporous matrices (20, 25, 26) , and among such approaches, those based on cryogenic structuring, particularly cryotropic gel-formation (27) (28) (29) (30) and freeze-drying (31) (32) (33) , became very popular in recent years for the creation of gelatin alone or gelatin-containing macroporous materials (11, 20-23, 22, 34-56) .
As for the polymeric matrices that are formed as a result of cryogenic procedures employed for the fabrication of such macroporous polymeric scaffolds, there are two their types: cryogels (27) (28) (29) (30) (57) (58) (59) , when the buildup of the 3D polymeric network and its simultaneous crosslinking via chemical or physical bonds occur within the moderately-frozen system ( Figure 1A) , and cryostructurates (27, 43, 50, 58, 60) , when the feed solution of polymeric precursors is initially frozen, the formed solvent crystals (ice in the case of aqueous media) are further removed via sublimation or cryoextraction techniques. It results in obtaining a macroporous "foam", and only then the cryogenically-structured matrix is chemically fixed by stable interchain bonds using suitable cross-linking methods ( Figure 1B ). This latter approach allows preparing wide-pore materials originating from different synthetic and natural polymers. The pore sizes and porous "architecture" of the resultant cryostructurates depend on the chemical nature of the precursors, their molecular-weight characteristics, concentration in the initial solution, the type of used solvent and freezing conditions. In doing so, if it is possible to perform the cryostructuring process in an organic solvent capable of killing various microorganisms, high sterility of the final material can be ensured.
Based on the above-discussed considerations, we have generated the idea of this study which aim was to prepare biocompatible and sterile wide porous gelatin matrices and to evaluate their potential of performing as scaffolds for the 3D cell culture, human adipose tissue multipotent MSCs in this particular case. To the best of our knowledge, there were no previous reports on the preparation of gelatin scaffolds via the cryostructurate-based pathway ( Figure 1B ) using the cryoextraction technique and, moreover, performing the processing procedures exactly in the non-aqueous media.
Materials and methods

Materials
The following substances and reagents were used as received: Gelatin from porcine skin, Type A, 300 Bloom 
Methods
Preparation of gelatin cryostructurates
The gelatin-based wide pore cryostructurates were fabricated essentially in accordance with the patented procedure (61) . In brief, the necessary amount of gelatin powder was suspended in a known volume of DMSO and then dissolved under stirring at 60°C. After cooling down to 35-40°C the prepared transparent gelatin solution was poured by the 2-mm-layers into 35-mm plastic Petri dishes that were quickly installed on a strictly horizontal cooling metal plate connected to the outer coolant contour of an ultra cryostat circulator LOIP LT-116a (Laboratory Equipment and Instruments Ltd., St. Petersburg, Russian Federation), where the samples were frozen and incubated at −20°C for 2 h. The crystals of frozen DMSO were thereafter extracted with cold ethanol for 3 days at −20°C, the ethanol being daily changed for a fresh portion. The gelatin macromolecules within the matter of pore walls in the porous disks thus obtained were further cross-linked by their incubation in 0.05 m ethanolic solution of EDC at room temperature for 48 h followed by rinsing with pure ethanol. Then the disks were immersed in ethanolic solution of Tris (5 mg ml −1 ) at room temperature for 18 h and again rinsed with pure ethanol. Finally the samples were additionally tanned by the treatment with 2% (v/v) ethanolic solution of formaldehyde at room temperature for 48 h followed by rinsing with ethanol several times and further, prior to use, stored under the ethanol layer.
Characterization of gelatin-based cryostructurates
The values of total volumetric swelling degree (S tv/w ) for the gelatin discs were found gravimetrically as the amount of water absorbed by 1 g of dry polymer after swelling to equilibrium; the following formula was used assuming water density
where m t is the total weight of the water-swollen gelatin spongy cryostructurate, m d is the weight of the dried sample.
The swelling degree by weight (S w/w ) of the gel phase (the walls of macropores) for the G A -based cryostructurates were measured after pressing out free capillary water from each water-swollen spongy disc between the several layers of filter paper under a load of ca. 50 g. The filters were changed till the absence of a wet spot on the fresh filter; the disc was then weighed and dried up to a constant weight. The swelling degree was calculated with a formula:
where m ws is the weight of the squeezed gelatin sponge after removal of free water, m d is the weight of the dried sample.
Microstructure of gelatin-based cryostructurates
The wide-porous morphology of G A -sponge discs was studied using two techniques of optical microscopy: (i) a conventional light transmission method (optical microscope Eclipse 55i (Nikon, Tokyo, Japan) equipped with a system for digitally recording images) and (ii) a laser confocal microscope Zeiss LSM 510 META (Carl Zeiss, Jena, Germany). The images were taken for both flat surfaces of the discs: the lower face which contacted with the mold bottom upon cryostructuring process, and the top face being in contact with air. In the case of (i), the waterdiscs, prior to exploration, were stained by treatment with 0.1 mm aqueous solution of Amido Black dye for 1 min followed by rinsing with water. In the case of (ii) the specimens were stained with 0.125 mm solution of Methylene Blue dye.
Cell isolation and culture
The MSCs were isolated from the lipoaspirate of adult patients, after receiving the written consent of the informed healthy volunteer donors, in accordance with the recommendations of the World Medical Association Declaration of Helsinki. The MSCs were obtained by collagenase digestion according to the previously described method (13) . The MSCs were cultured in T75 adhesive polystyrene cell culture flasks at 37°C, 5% CO 2 , and 95% humidity in α-MEM containing 10% FS, 50 μg ml −1 penicillin, 50 μg ml −1 streptomycin and 0.2 mm L-glutamine. The complete medium changes were performed every 3-4 days. On reaching 80% confluence, the cells were trypsinized, counted with a hemocytometer, and subcultured using a 1:5 plating ratio. The MSCs at passages from 4 to 6 were used for the experiments described below.
3D bio-construct preparation
Spongy gelatin matrices were cut manually to a size of 5 × 5 × 2 mm and stored in 70% aqueous ethanol at 4°C. Before seeding, the scaffolds were carefully rinsed with Hank's solution and placed into the culture medium for 15 min. After culture medium removal, the scaffolds were seeded with the MSCs (3 × 10 5 cells/scaffold) using a perfusion technique (62) . The bio-constructs obtained were incubated for 2 h to allow cell adhesion and then transferred into the wells of a 24-well adhesive culture plate, containing complete culture medium.
Morphology and metabolic activity of MSCs in scaffolds
Following 7 days of culture, morphology and membrane integrity of the MSCs within the scaffolds were estimated using a double fluorescent staining with FDA and EB as previously described (63) . After incubation and rinsing, FDA/EB staining was analyzed by confocal microscope Zeiss LSM 510 META (Carl Zeiss, Jena, Germany). Confocal images were obtained along the Z-axis with 20 μm intervals at an excitation wavelength of 488 nm for FDA and 543 nm for EB.
Metabolic activity of the MSCs in 3D scaffolds on the 1st, 4th and 7th day of 3D culture was assessed by an QUANT Alamar Blue redox indicator. Before analysis 3D constructs were transferred in a new 24-well plate and incubated for 3 h with culture medium containing 10% AB. Reduced AB solution was collected and the fluorescence level of AB was assessed by TECAN GENios microplate reader (Tecan Genios, Grödig, Austria) with an excitation wavelength of 550 nm and an emission wavelength of 590 nm. The difference in fluorescence between the experimental (matrices with the cells) and negative control samples (matrices without the cells) was used as AB value (n = 5) and expressed in relative fluorescence units (RFU).
DNA quantification
The DNA content of MSCs cultured onto gelatin scaffolds was evaluated using a Quant-iT PicoGreen dsDNA assay. Samples were collected after 1 or 7 day of culture, washed with PBS and transferred into Eppendorf tubes containing 1 ml of sterile ultra-pure water and then stored in a freezer at −80°C. Before assay, the constructs were thawed at room temperature and sonicated for 15 min to ensure complete cell lysis. The procedure followed was based on the manufacturer's instructions. Fluorescence intensity was quantified using a TECAN GENios microplate reader at an excitation wavelength of 485 nm and an emission wavelength of 528 nm.
Osteogenic differentiation
Osteogenic differentiation medium consisted of α-MEM, supplemented with 10% FS, 50 μg/ml penicillin, 50 μg ml −1 streptomycin and 0.2 mm L-glutamine with osteogenic inducers: 0.2 mm ascorbic acid, 10 mm β-glycerophosphate, and 1 μm dexamethasone. The corresponding control samples were cultured in complete culture medium without osteogenic supplements. The complete medium changes were performed every 3-4 days. After 21 days of culture, the constructs were washed with PBS, fixed in 4% buffered formalin at 4°C for 30 min. Each scaffold sample was assessed for expression of alkaline phosphatase (ALP) using a fast blue RR salts/ naphtol kit according to the manufacturer's instructions.
Adipogenic differentiation
Adipogenic differentiation medium consisted of α-MEM, supplemented with 10% FS, 50 μg ml −1 penicillin, 50 μg ml −1 streptomycin, and 0.2 mm L-glutamine, and the following adipogenic stimulants: 0.5 mm 3-isobutyl-1-methyl-xanthine, 1 μm dexamethasone, 10 μg ml −1 insulin, and 100 μm indomethacin. The corresponding control samples were cultured in complete culture medium without adipogenic supplements. The complete medium changes were performed every 3-4 days. After 21 days of culture with adipogenic supplements, cells were washed with PBS, fixed in 4% buffered formalin at 4°C for 30 min and stained with Nile Red (1 μg ml −1 in phosphate buffered saline) solution according to the manufacturer's instructions.
Statistical analysis
The data were evaluated using a nonparametric MannWhitney U-test and expressed as mean ± SD with n indicating the number of independent experiments. Differences were considered significant with p < 0.05. Statistical analyses were performed using the Past version 3.0 software package (64).
Results and discussion
Preparation of gelatin-based cryostructurates
It is commonly known that gelatin is produced by the physical/chemical denaturation of the natural fibrillar protein -collagen (1-3). There are two major techniques for the transformation of raw collagen materials to gelatin: so-called "acidic" and "basic" procedures whose final products are, therefore, termed as the "acidic" or Type A and the "basic" or Type B gelatins, respectively. Since in the course of collagen processing under the alkaline conditions partial saponification of amide groups in asparaginyl and glutaminyl units of the protein occurs, the isoelectric point of the resultant gelatin is shifted to the acid zone from pI≈8-9 inherent in natural collagens to pI≈5 characteristic of Type B gelatins, whereas in the case of the "acidic" technique such amides are mainly remained intact. Thus, the isoelectric point of Type A gelatins does not change significantly in comparison with collagen. That is why, and taking into account high affinity of numerous anchorage-dependent cell lines to collagen, Type A gelatin was used in this work as a precursor polymer for the preparation of gelatin-based scaffolds. The principal scheme of such matrices fabrication is given by the diagram in Figure 2 .
This scheme includes six major steps, whose application was stipulated by the following considerations:
First, all the stages (i-vi) were performed in the sterilizing organic media, using DMSO (including heating at the stage (i) upon the gelatin dissolution) and ethanol, thus ensuring the maintenance of highly sterile conditions during manipulations in an ordinary chemical laboratory. It is also necessary to point out that neat DMSO efficiently destroys membranes of microbial cell and results in their death (65) .
Second, gelatin used in this study was well-soluble in DMSO. Therefore, it was possible to obtain rather high concentrated solutions of this polymer (at least, 10-15 wt.%). Aqueous solutions of the same gelatin concentrations are gelled quickly at 35-30°C, upon cooling, the already formed gels freeze rather than the solutions. This sequence of processes interferes with the effective liquid-solid phase separation during solvent crystallization. On the contrary, the G A -solutions in DMSO were not gelling upon cooling to the temperatures, where the system started to freeze at the stage (ii).
Third, as the crystallization/melting point of DMSO is about +18.5°C (66) its solutions can freeze even at reduced positive (in the centigrade scale) temperatures. However, our preliminary experiments showed that the most reproducible results with respect to final cryostructurates preparation were obtained when the G A concentration in its initial DMSO solutions lay in the range of 7-10% (w/v), and the samples at the stage (ii) were frozen at temperatures from −15 to −25°C. In the current study the gelatin-based scaffolds were prepared by freezing of the feed G A -DMSO-solutions at −20°C. Fourth, the cryoextraction of frozen DMSO crystalline matter at stage (iii) was performed by cold (−20°C) ethanol which was the solvent for DMSO, but not for gelatin. As such diffusion-rate-dependent process was a rather slow, it required a relatively prolonged time (~3 days for discs of 2-mm-thickness) to ensure the integrity of the gelatin sponge so long as chemical tanning was accomplished.
Fifth, subsequent cross-linking of gelatin macromolecules within the thin pore walls was realized at the stage (iv) using EDC dissolved in ethanol as the same approach we recently employed successfully for a similar "solidphase" cross-linking of serum-albumin-based cryostructurates (60) . Because this carbodiimide reagent was in a large excess relatively to the carboxy-and amino-groups of G A , it was then necessary to deactivate the unreacted pendant O-acylisourea residues. This was done at the stage (v) by the incubation of cross-linked gelatin discs in an ethanolic solution of Tris.
Finally, the discs were additionally tanned by formalin similar to the collagen-containing medical xenografts like skin or cornea (67).
Swelling characteristics and microstructure of gelatin cryostructurates
When storing in ethanol medium, the G A -based discs prepared accordingly to the scheme shown in Figure 1 were the turbid white-color semi-solid materials ( Figure 3A ). They swelled strongly upon placing in aqueous media ( Figure 3B ). Such swelling (~1.4-fold in the disc diameter) resulted in the pronounced softening of spongy matrices that absorbed, depending on the G A concentration, 12-14 ml of water per 1 g of the dry polymer (see S tv/w values in Table 1 ). Because of the softness of such water-swollen gelatin cryostructurates, the measurement of their mechanical characteristics gave low-informative results. Thus, when applying even a moderate load, squeezing of the capillary-bound liquid occurred, that complicated distinguishing the response of the proper gel phase (the walls of macropores) from the capillary forces. In turn, the swelling degree of the pore walls can be measured after squeezing the capillary liquid, weighing insoluble matter, its drying and final weighing (for the procedure see Section 2.2). Table 1 contains the data on S w/w values for the gelatin cryostructurates prepared from the feed solutions with G A concentration 7.0, 8.5 and 10 wt.%. These values were about 4-5 times lower than the S tv/w values, thus indicating that the most fraction of the liquid inside the swollen G Asponge corresponded to the capillary-bond water inside the space of large pores. In turn, the polymer content (24-25 wt.%) in the gel phase of swollen pore walls was 2-3-fold higher in comparison with the gelatin concentration in the feed solution (7-10 wt.%). It was the result of the freezing-induced concentrating effect typical for the cryostructuring processes in polymeric systems (27-30, 58, 59) . In general, the data of Table 1 testify that the cryostructurates formed in frozen DMSO solutions of gelatin and further cross-linked with EDC dissolved in ethanol, upon subsequent swelling in aqueous media "acquire" spongy morphology with large inner spaces of the gross pores. Such property provides the necessary conditions for the penetration of mammalian cells, when such matrices are employed as scaffolds for 3D cell culturing.
With that, certain specific features turned out to be inherent in the microstructure of gelatin cryostructurates prepared in accordance with the processing scheme given in Figure 2 . The first of the features was the fact that macroporous morphology of the lower and top flat faces of the G A -discs was very different even for the sponges of 2-mm thickness. The micrographs in Figure 4 show the images of transmission light microscopy in a small magnification (A and B) and of laser confocal microscopy in a somewhat higher magnification (C and D). These pictures clearly demonstrate such structural differences. Thus, the honeycomb-like macroporous architecture was observed in the vicinity of bottom regions of the disc ( Figure 4A and C), while the upper G A -sponge regions ( Figure 4B and D) that contacted with air during freezing of the initial gelatin solution had rather irregular morphology. The cross-section of the pores observed within the lower face of the disc varied within the range of approximately 10-50 μm, while the size of the pores at the top face was much larger and varied within considerably wider limits (from ~50 to ~200 μm).
Similar morphology of the cryogenically structured gel matrices is known, for instance, for water-agarose systems (68, 69) , when those were frozen in the molds placed onto the cooling plate. In such a case the grains of the solvent crystals are formed at the bottom areas of a sample, and further growth of crystals occurs along the temperature gradient direction. The porous morphology of the top regions in G A -discs ( Figure 4B and D) testifies that DMSO crystals upon the growth in the viscous medium of gelatin solution quickly lost their initial vertical orientation and became "branched" thus resulting in the formation of rather disordered wide channels in the upper regions of the gel matrix. In any case, the pores inside these gelatin scaffolds were interconnected, and their size was large enough for the free penetration of cells to be seeded to the spongy scaffold.
Morphology, proliferation and metabolic activity of cells within 3D gelatin scaffolds
To evaluate the biocompatibility of wide porous gelatin matrices prepared, the MSCs were seeded into scaffolds and cultured in vitro. Following 24 h of 3D culture, confocal examination indicated good attachment of the MSCs to the scaffold walls on the surface and inside the construct. The degree of cell spreading on the top faces of the scaffolds was higher, compared to the lower faces, which was probably associated with the non-uniform microstructure of matrices, mentioned above. The flattened, fully-spread cell morphology was associated with the large and deep pores ( Figure 5A ), while the cell shape on the surface with the smaller pores varied from spherical to spindle-like ( Figure 5B ). According to FDA/EB staining, the cell survival did not depend on spreading, and the overwhelming majority of the MSCs were viable. To find out whether gelatin scaffolds could support not only cell attachment but also cell growth we have studied the MSCs proliferation, by metabolic activity (AB) assay and determination of DNA content within 3D bioconstructs. The results showed a statistically significant increase in cell number by the end of the culture period ( Figure 6A ). The results of DNA analysis were confirmed by the AB assay of MSCs within the gelatin scaffolds. Figure 6B shows that the intensity of AB fluorescence on the 7th day of 3D culture increased by 32% compared to the 1st day of culture. Taking together, these results indicate that the MSCs were capable to attach to the pore surfaces of gelatin scaffolds, proliferate and distribute throughout the whole porous structure.
Differentiation of MSCs within gelatin scaffolds
Stem cell differentiation to a lineage of choice in a 3D environment can be crucial for achieving successful results when using tissue-engineered products for clinical application. In this study, we examined the ability of MSCs to differentiate towards the osteogenic and adipogenic lineages when cultured within the gelatin scaffolds. ALP activity and calcium deposition were monitored to confirm osteogenic differentiation. To visualize the differentiation of mesenchymal cells to osteoblasts, ALP staining was performed after 3 weeks of culture in osteogenic media. Microscopic examination of the cell/scaffold bio-constructs revealed ALP expression, which is known to be an early marker of osteogenesis ( Figure 7A ). In the negative control (no osteoinductive media) MSCs continued to proliferate, formed almost continuous layer but were ALP negative.
After culture in adipogenic media for 3 weeks, the accumulation of intracellular lipid droplets stained with Nile Red was observed ( Figure 7B ). The differentiated cells were evenly distributed within the gelatin scaffolds and the extent of lipid droplets accumulation increased with prolongation of the period of induction. In contrast, the lipid droplets were not detected in scaffolds seeded with the MSCs and cultured in basic medium (control).
Conclusions
Diverse porous polymer materials are known to be used as scaffolds for 3D cell culture (16, 17) . Such matrices possess a certain set of merits and demerits. The example of the latter case is the lack of sterility upon the scaffolds preparation, especially when the processes are accomplished in aqueous media. In order to minimize the hazard of possible microbial contamination we elaborated a new technique for the preparation of gelatin-based spongy scaffolds for 3D culturing of animal or human cells, particularly, multipotent MSCs. This preparation procedure includes sequential dissolution of Type A gelatin in dimethylsulfoxide, freezing such solution followed by the cryoextraction of crystalline phase with cold ethanol, cross-linking of biopolymeric chains with carbodiimide in ethanol medium, then treatment of the resultant spongy matrix with an ethanolic solution of Tris and final tanning of the material with formaldehyde also dissolved in ethanol. The use of organic media during all the preparation stages ensured sterility of the scaffolds, whose suitability for cell culturing was confirmed by providing the necessary environment for growth and differentiation of the multipotent MSCs. During the whole culture period (more than 3 weeks), the gelatin scaffolds did not change their integrity and strength, thus demonstrating good stability in the culture medium. Moreover, it is especially necessary to point out the absence of any microbial contamination of the G A -based sponges fabricated accordingly the procedure with the use of organic media, i.e. high sterility of the gelatin material was ensured. To sum up, the proposed novel technology for the sterile fabrication of 3D gelatin scaffolds provides opportunities for their wide application in the fields of tissue engineering and biotechnology.
